Larger predators can affect smaller predators through intraguild predation and competition, which in turn could have indirect effects on other consumers. We investigated whether gray wolves (Canis lupus) generate such effects by reducing predation by coyotes (Canis latrans) on snowshoe hares (Lepus americanus). We also examined whether wolves indirectly affect abundances of deer mice (Peromyscus spp.) as part of a wolf-coyote-fox cascade. We compared habitat use by consumers in the high-and low-wolf-use areas of a Great Lakes forest (Wisconsin and Michigan, United States). Coyotes frequented high-wolf-use areas about half as much low-wolf-use areas, which coincided with a tripling of hare browse on saplings in high-wolf-use areas. Foxes (Vulpes vulpes and Urocyon cinereoargenteus) frequented high-wolf-use areas almost exclusively. Fewer mice occurred in high-wolf-use areas than low-wolf-use areas in 2011 (approximately one-half) and 2013 (approximately two-fifths), but not in 2012, possibly due to increased food supply. We conclude that wolves may generate cascading effects through changes in coyote distribution that benefit hares and foxes, while also reducing the deer mouse population in some years.
Classic trophic cascade models focus on the indirect effects of linear predator-herbivore-plant chains (Hairston et al. 1960; Schmitz et al. 2000; Ripple et al. 2014) . However, trophic cascades with more than 3 trophic levels can be generated when one predator affects a secondary predator in a way that indirectly benefits the prey of the secondary predator (Oksanen et al. 1981; Carpenter et al. 2001) . These predator-predator interactions can in turn cascade to other smaller consumers (Brashares et al. 2010; .
Trophic cascades involving predator-predator interactions can be density-or trait-mediated (Palomares and Caro 1999; Denno et al. 2005) . Density mediation involves intraguild predation, where predator A consumes predator B (Polis and Holt 1992; Holt and Polis 1997; Carpenter et al. 2001) or kills B as an extreme form of interference competition (Polis et al. 1989; Palomares and Caro 1999) . This benefits the prey of predator B directly as predation pressure is reduced (except in the rare case when predator A feeds just as intensely on this prey- Carpenter et al. 2001; Berger et al. 2008) . Trait mediation occurs when the presence of predator A causes behavioral changes in predator B, including spatiotemporal avoidance of predator A and increased vigilance (Palomares and Caro 1999; Ballard et al. 2003; Trussell et al. 2006) . These fear responses come at the cost of foraging opportunities; thus, they can benefit the prey of predator B (Abrams 1995; Trussell et al. 2006) .
Trophic cascades generated by predator-predator interactions have received far less attention than classic predator-herbivore models (Ballard et al. 2003; Thompson and Gese 2007; Brashares et al. 2010) , particularly for terrestrial vertebrates (Thompson and Gese 2007) . However, widespread removals of large mammalian predators by humans have likely led to increased populations of mid-sized predators (referred to as mesopredators) in several habitats, including Egyptian mongoose (Herpestes ichneumon) in the Mediterranean forests of Spain (Palomares et al. 1995) , civets, mongooses, and genets in Kenyan rainforests (Maina and Jackson 2003) , domestic cats (Felis catus) in Australian desert (Burrows et al. 2003) , ocelots (Leopardus pardalis) in Central America (Moreno et al. 2006) , olive baboons (Papio anubis) in Ghanan savannas (Brashares et al. 2010) , wild boars (Sus scrofa) in forests of Bhutan 78 JOURNAL OF MAMMALOGY (Wangchuk 2004) , and coyotes (Canis latrans) in the grasslands, forests, and arid lands of the United States (Gompper 2002; Ripple et al. 2013) . In turn, these mesopredator releases have altered the abundance and diversity of small carnivores and prey (Prugh et al. 2009; Brashares et al. 2010; Ripple et al. 2013) . For example, reductions of African lions (Panthera leo) and other large carnivores in Ghanan savannas have led to increases in olive baboons, which correlates with declines in 5 smaller primate species as well as 9 species of antelope (Brashares et al. 2010) . In Kenya, nest predation rates by civets, mongooses, and other mesopredators have been shown to be lower in rainforest fragments frequented by domestic dogs (Canis lupus familiaris), which may be serving as top predator surrogates for extirpated leopards (Panthera pardus) and lions (Maina and Jackson 2003) . Meanwhile, 4.8-9.5 times more European rabbits (Oryctolagus cuniculus) were eaten by mesopredators (particularly Egyptian mongooses) in Spanish forest patches when the endangered Iberian lynx (Lynx pardinus) was absent (Palomares et al. 1995) .
Legal protection and conservation efforts have allowed large mammalian carnivores to recover in some North American habitats, providing opportunities to increase our understanding of trophic cascades (Thompson and Gese 2007; Berger et al. 2008) . The increase and expansion of coyote populations across North America following gray wolf (Canis lupus) extirpation thus represents a useful system to address questions concerning mesopredator release from top-down regulation. Humans removed wolves from most of the continental United States by the mid-20th century (Ripple et al. 2013) , and in their absence coyote populations grew and expanded their range (Gompper 2002) . Coyotes have since had substantial impacts on the density and behavior of their prey (i.e., lagomorphs and rodents) and smaller carnivores (i.e., foxes and felines) in North America (Voigt and Earle 1983; Major and Sherburne 1987; Harrison et al. 1989; Henke and Bryant 1999; Miller et al. 2012 ). As such, high coyote populations are now considered a major conservation issue in several areas (Prugh et al. 2009; Brashares et al. 2010; Ripple et al. 2013) .
Wolf recovery may represent a means of mitigating impacts of coyotes (Ritchie and Johnson 2009; Licht et al. 2010; Ripple et al. 2013; Newsome and Ripple 2015) . Wolves kill and exclude coyotes, limiting their distribution and numbers in ways that could create refugia for smaller carnivores and prey of coyotes (Ballard et al. 2003; Berger and Gese 2007; Ripple et al. 2013; Newsome and Ripple 2015) . Small carnivores are expected to increase and the prey of small carnivores (e.g., cricetid rodents) are expected to decrease in these refugia from coyotes , but this remains to be tested experimentally in the field at a small spatial scale. Whether lagomorphs will increase in these refugia also remains untested, and none of the aforementioned cascade hypotheses have been thoroughly assessed at the local scale where interactions occur (i.e., within the territory of a wolf pack).
The Great Lakes forest region of the United States (including Wisconsin, Michigan, and Minnesota) presents an opportunity for assessing these indirect effects of wolf-coyote interactions in eastern forest habitats. Under protection of the Endangered Species Act of 1973, wolves have recolonized and created a patchy distribution of wolf pack territories throughout northern Great Lakes forests, breaking up the habitat into areas of high wolf use (i.e., within territories) and low wolf use (i.e., outside territories or within avoided buffer zones- Mech and Boitani 2003; Flagel et al. 2016 ). This natural establishment of wolfuse treatments makes it possible to test trophic cascade hypotheses using natural experiments.
In this study, we sought to determine if wolves simultaneously impact the distribution of coyotes and foxes at the local scale, which is where species interactions most directly occur. We also studied whether wolves may be having cascading effects beyond carnivores. If wolves reduced coyotes and increased foxes, we expected to see increases in major prey of coyotes (hares) and decreases in major prey of foxes (rodents).
Materials and Methods
Study area.-The University of Notre Dame Environmental Research Center (UNDERC) is a 3,200-ha forest near Land O' Lakes, Wisconsin (46°13′ N, 89°31′ W) in the Great Lakes region. The terrestrial cover is mostly comprised of northern mesic forest patches scattered among wetlands. Maples (Acer spp.) are the dominant canopy trees. Coyotes likely expanded their range into northern Great Lakes forests following European settlement and heavy logging in the mid-1800s through early 1900s (Ozoga and Harger 1966; Berg and Chesness 1978; Thiel 1993) . The first recorded sighting of a coyote along the southern shores of Lake Superior occurred in 1904 (Thiel 1993) . Coyotes are major predators on hares (Wirsing et al. 2002; . Snowshoe hares (Lepus americanus) are the most common lagomorph species but occur at very low densities. Foxes (red, Vulpes vulpes; gray, Urocyon cinereoargenteus) are major predators of small rodents in this region (Hatfield 1939; Schofield 1960) . Deer mice (Peromyscus maniculatus and P. leucopus) are the dominant small rodents, making up 87-91% of individuals captured each year at UNDERC.
Wolves naturally recolonized UNDERC circa 2002-2006 based on monitoring by the Michigan Department of Natural Resources and ground observations. This new pack territory bisects UNDERC, and the position of this territory along with the surrounding territories off property and the spaces between them naturally creates areas of high and low wolf use. As part of an ongoing study of trophic cascades involving wolves and white-tailed deer (Odocoileus virginianus), 10 hare-accessible deer exclosures with adjacent matching controls (10 m × 10 m plots) were established in 2009 and 2 additional sets were added in 2011. Locations of exclosures were divided equally among high-and low-wolf-use forest patches (see Flagel et al. 2016 
for details).
Use by carnivores.-We employed variable use of UNDERC by wolves (high versus low visitation) as a treatment. We surveyed all accessible gravel roads (> 37 km) for carnivore scats by the cold). Carnivore scats were classified to species by diameter, size, and shape, as well as contents and other available sign (Thompson 1952; Elbroch 2003; Flagel et al. 2016) . We also performed scent station surveys for coyotes and smaller carnivores (Gese 2004 ) during three 2-to 3-day periods in June and July 2011. Twenty-two scent stations (0.79 m 2 ) were placed at 1-km intervals along gravel roads so that distribution was unbiased between high-and low-wolf-use areas. Tracks at scent stations and opportunistically observed evidence of carnivore use (tracks on roads, scrapes, vocalizations, visual observations, etc.) were pooled with scats, treating each observation as a single carnivore sign point (Elbroch 2003; Switalski 2003; Gese 2004; Flagel et al. 2016) . GPS locations were recorded for individual points and were used (along with age and condition of scats) to avoid re-counting. We left all scats in their original placement to avoid interfering with territory-marking behavior (Mech and Boitani 2003) . Mapping was done manually in Google Earth v. 7.1.1.1888 (Google Inc., Mountain View, California).
Use by small prey.-Due to the rarity of hares, we used total saplings browsed as an index of snowshoe hare density (see Pietz and Tester 1983; Belovsky 1984) . In August 2012, we surveyed browse damage on all deer exclosure and control plot saplings. Damage by hares (angular cuts) was differentiated from deer (rough cuts). We pooled data on hare damage by site due to rarity and equivalent use of exclosures and controls by hares. Use by small rodents was monitored using mark-recapture surveys on the deer exclosure and control plots. On each plot, we set a square of eight 7.62 × 8.89 × 22.86 cm live traps (H.B. Sherman Traps, Tallahassee, Florida) along the perimeter spaced 5 m apart. Trapping surveys were performed annually from 2011 to 2013 during late summer (late July to early September), when densities are highest (Falls et al. 2007 ). Sites were trapped for 7 consecutive days during a 2-to 3-week period. This time is sufficient for estimating rodent densities using minimum number known alive (MNKA; number of unique individuals captured- Slade and Blair 2000; Powell and Proulx 2003) . Captured individuals were marked with numbered metal ear tags (National Band and Tag Co., Newport, Kentucky). We pooled rodent data by site as both the exclosure and control plots were often used by the same individuals. Trapping was compliant with University of Notre Dame Institutional Animal Care and Use Committee protocols 14-021 and 15-027 and conformed to guidelines of the American Society of Mammalogists (Sikes et al. 2011) .
Statistical analyses.-We used chi-square tests to analyze differences in the distribution of carnivore sign between high-and low-wolf-use areas when sample size was sufficient. Exact binomial tests were used if sample size was insufficient. A Fisher 2 × 2 contingency table was used to determine significant proportional differences between fox and coyote sign in areas of high versus low wolf use. Prior to analysis, these tests were adjusted to take into account that there was more lowwolf-use area road (~22.7 km) than high-wolf-use area road (~14.6 km). A Student's t-test was used to compare total saplings browsed by hares in high-versus low-wolf-use sites. We then used a repeated-measures analysis of variance to compare the minimum number of rodents known alive (MNKA) between high-and low-wolf-use sites, with year as the repeated factor. All results are reported as means ± SE of the mean.
results
The distribution of coyote sign differed between high-and lowwolf-use areas. Coyotes frequented high-wolf-use areas onehalf as much (51% less) as low-wolf-use areas based on sign distribution (χ 2 = 9.978, d.f. = 1, P = 0.002). Fox sign (n = 16) was rarer than coyote sign (n = 101) and it was almost exclusively found in high-wolf-use areas (exact binomial probability, P < 0.001; Fig. 1 ). Coyote and fox signs were negatively correlated (Fisher contingency table, d.f. = 1, P < 0.001), suggesting an inverse relationship between distributions of coyotes and foxes.
Hare browsed 3 times as many saplings in high-wolf-use sites (i.e., low-coyote-use sites; 6.67 ± 1.31 saplings per site) compared to low-wolf-use sites (2.00 ± 1.00, t = 2.83, d.f. = 10, P = 0.018; Fig. 2 ). Plants < 25 cm tall were not included in this analysis because damage on seedlings is difficult to reliably differentiate between deer and hare due to the small stem diameter (Bookhout 1965; D. Flagel, pers. obs.) .
We restricted analyses on rodents to deer mice (Peromyscus) to avoid comparing species seldom consumed by coyotes or foxes (Hatfield 1939; Schofield 1960; Ozoga and Harger 1966; Berg and Chesness 1978; Tremblay et al. 1998) , and because they were the most common species and found at every site. Wolf use by itself was not significantly related to abundance of deer mice (F 1,10 = 2.53, P = 0.143), although year was (F 2,20 = 8.82, P = 0.002). There was a significant interaction between wolf use and year for deer mouse abundance (F 2,20 = 8.05, P = 0.003). (tracks, scats, etc.) . Asterisks denote significant differences (P < 0.05). The test was corrected for difference in road area between high-and low-wolf-use areas (see Flagel et al. 2016 ).
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Deer mice were significantly less abundant on high-wolf-use sites (i.e., high-fox-use sites) versus low-wolf-use sites during 2011 (6.00 ± 1.48 versus 11.50 ± 1.98, t = 2.35, d.f. = 10, P = 0.040) and 2013 (3.83 ± 1.17 versus 10.00 ± 2.29, t = 2.49, d.f. = 10, P = 0.032), but not in 2012 (14.17 ± 1.92 versus 10.50 ± 1.98, t = 1.32, d.f. = 10, P = 0.217; Fig. 3 ).
discussion
Large predators may affect the density and distribution of mesopredators, and thereby indirectly affect trophic levels influenced by these mesopredators as part of a trophic cascade. Great Lakes wolves may be altering the densities and distributions of coyotes, which in turn may be substantially affecting foxes and lagomorphs . At UNDERC, coyotes tended to avoid high-wolf-use areas, while foxes used high-wolf-use areas almost exclusively. Distributions of prey also were substantially different between high-and low-wolf-use areas. Hare browse was 3 times greater in high-wolf-use areas, indicating greater use of high-wolf-use areas by hares than low-wolf-use areas. Deer mice were 48% and 62% less abundant in high-wolf-use areas than in low-wolf-use areas in 2011 and 2013, respectively, but there was no significant difference in 2012. All of these findings are consistent with the idea that wolves generate trophic cascades via top-down impacts on coyotes (Fig. 4) .
Taken together, our results support trophic cascade hypotheses involving interactions among mammalian consumers Ripple et al. 2013; Newsome and Ripple 2015) .
Previous studies in the Greater Yellowstone Ecosystem have found that reintroduced wolves substantially reduced coyote populations (Crabtree and Sheldon 1999) and caused coyotes to avoid wolves (Arjo and Pletscher 1999; Berger and Gese 2007) and sacrifice rest and scavenging time for vigilance (Switalski 2003) . Our results showing lower use of high-wolf-use areas by coyotes are consistent with these observations. In other systems, coyotes have also been shown to regulate distributions of foxes through both direct killing and behavioral changes (Voigt and Earle 1983; Major and Sherburne 1987; Harrison et al. 1989; Fedriani et al. 2000) . This is supported at UNDERC by foxes almost exclusively using high-wolf-use areas, which may serve as refugia from coyotes, and is consistent with regionaland continental-scale trends for foxes in areas with and without wolves Ripple et al. 2013; Newsome and Ripple 2015) .
Foxes and wolves were probably sympatric species across much of North America before wolf extirpations occurred, with coyotes mostly occurring along wolf territorial boundaries (Ballard et al. 2003) . There is little evidence that wolves actively hunt foxes in North America (Peterson 1995; Merkle et al. 2009) , and competition between wolves and foxes (including wolves killing foxes) is much weaker than between wolves and coyotes due to greater differences in their sizes and diets (Peterson 1995; Ballard et al. 2003; . Coyotes are efficient predators of neonate ungulates and even occasionally take adults (Berg and Chesness 1978; Crabtree and Sheldon 1999), whereas both age classes are major parts of the diet of wolves (Peterson and Ciucci 2003) . Foxes meanwhile are mostly unable to prey on ungulates, instead focusing on smaller prey that wolves rarely consume (Hatfield 1939; Schofield 1960; Major and Sherburne 1987) . Ungulate carrion is also an important winter food item for foxes (Schofield 1960) , and wolf kills are likely an important source (Ballard et al. 2003) . In contrast, coyotes are more likely to be consumers of winter carrion than producers (Berg and Chesness 1978; Switalski 2003; Merkle et al. 2009 ) and may limit access of foxes to carcasses (Major and Sherburne 1987) .
Coyotes are suspected of reducing lagomorph populations in much of their current range through predation Ripple et al. 2013) . If so, wolf-mediated changes in coyote distributions should coincide with changes in snowshoe hare densities Ripple et al. 2013) , which is consistent with our observations of greater snowshoe hare browse in high-wolf-use areas. This could be very important for the Canada lynx (Lynx canadensis), a snowshoe hare specialist of conservation interest. Lynx are declining in the southern portions of their range (including our study area, where they are currently absent), and this may be at least in part due to exploitative (for hare) and interference (direct killing) competition with coyotes (Buskirk et al. 2000; Linden et al. 2011) . Wolf recovery may thus benefit lynx as part of a hypothetical wolf-coyotehare-lynx interaction, wherein wolves reduce both direct and indirect coyote impacts on lynx (Ripple et al. 2011) .
Coyotes may also increase mouse populations by reducing prevalence of foxes , but this has yet to be supported empirically. Our results in 2011 and 2013 are consistent with this hypothesis, but we suspect deer mice escaped predation control by foxes in 2012 due to beneficial weather and an increased food supply (i.e., 2011-2012 maple-masting event- Merritt et al. 2001; Falls et al. 2007 ). Small mammal populations are known to shift from topdown to bottom-up regulation between years due to weather and seed mast (a resource pulse for rodent granivores), leading to factors such as space being limiting (Ostfeld and Keesing 2000; Meserve et al. 2003) .
The impact of wolf-coyote trophic cascades on forest ecosystems as a whole has not been well studied. Logically, one would expect increased herbivory and decreased granivory with higher use by hares and lower use by deer mice, respectively. However, hares produce less browse-damage impact compared to whitetailed deer, their dominant competitor (Bookhout 1965; Flagel et al. 2016) . Therefore, we do not expect wolf-coyote-hare interactions to cascade to plants in forests of the Great Lakes region. Whether changes in rodent granivory will cascade to the plant level has yet to be determined, but small mammals have been shown to be a major controlling factor on seedling recruitment in eastern forests (Schnurr et al. 2004) . Bottom-up factors may also need to be considered. As mentioned earlier, predator-prey interactions could be altered by resource pulses such as seed mast (Ostfeld and Keesing 2000; Meserve et al. 2003) . Predator-predator interactions can also shift substantially during a bottom-up resource pulse if increases in prey cause an increase in predator numbers, and this has been previously observed in systems involving foxes (Greenville et al. 2014 ). However, we have no evidence of this occurring at UNDERC as the amount of fox sign was roughly equivalent each year from 2011 to 2014.
It is also unclear whether density-or trait-mediated effects have a greater impact on distributions of mammalian carnivores. It is important to determine the relative importance of trait-mediated effects as these are thought to produce stronger trophic cascades than density-mediated effects (Schmitz et al. 2004; Preisser et al. 2005) . Given the nature of trait-mediated effects, this will require further study at the local scale. In the Great Lakes region, wolves have been observed killing coyotes (Krefting 1969; Mech 2011) and coyotes demonstrate avoidance behavior (Berg and Chesness 1978) ; thus, we infer that both may be occurring. Regional-and continental-scale population trends are consistent with the presence of densitymediated effects, with coyotes decreasing and foxes increasing where wolf populations have been restored for extended periods Newsome and Ripple 2015) . However, regional hare populations have remained low (Dhuey 2015) , and there is no available information on deer mice. Behavioral studies in Yellowstone National Park suggest that the vast majority of wolf-coyote interactions (about 79%) are nonlethal chases without physical contact (Merkle et al. 2009 ), which may imply that exclusion or avoidance (trait-mediated effects) play a bigger role in reduced coyote use than killing by wolves (7% of interactions). Unfortunately, such behavioral studies have yet to be done for coyotes, foxes, hares, or deer mice in the Great Lakes region.
An alternative hypothesis is that habitat differences between high-and low-wolf-use areas may exist that could explain our observed distributions. However, both high-and low-wolf-use areas at UNDERC are forested with very few open, grassy habitats. Our high-and low-wolf-use sites also do not substantially differ in woody species composition or various abiotic factors (Flagel et al. 2016) . Furthermore, existing habitat differences have been insufficient to explain regional-level trends in coyotes and foxes . Our study was limited to UNDERC and its current wolf distribution, which could affect our ability to generalize. However, given the aforementioned regional trends in coyotes and foxes, as well as the strength and straightforward nature of our findings, we do not expect major qualitative differences between this study and future replications (Oksanen 2001) .
Our study provides support for wolf-coyote trophic cascades in the Great Lakes region (see and is among the first to: 1) test trophic cascade hypotheses from wolves to coyotes to foxes at the local scale, 2) document significantly greater use of high-wolf-use areas by foxes and hares, and 3) observe differences in abundances of forest rodents based on wolf use. Much work remains to be done to improve our understanding of how wolves indirectly affect the food web beyond coyotes, including the relative importance of density-and trait-mediated effects as mechanisms. Future studies also should use long-term manipulative designs to isolate and quantify the impacts of these trophic cascades on plants and take into account the effects of competing herbivores such as ungulates.
The impacts of removal and restoration of top predators are becoming more apparent in various ecosystems (Prugh et al. 2009; Brashares et al. 2010; Ripple et al. 2014) . Despite substantial efforts to manage coyote numbers, this adaptable mesopredator continues to maintain high numbers in most of its expanded and native range (Gompper 2002; Ripple et al. 2013) . Given well-established declines of coyotes with increases in wolves, recovery of top predators has been proposed as an additional measure for minimizing impacts of mesopredators (Ritchie and Johnson 2009; Licht et al. 2010; Ripple et al. 2013 ). However, wolf management can be quite costly and controversial (Mech et al. 2010 ), so it is important to be able to predict wolf impacts prior to reintroductions (Ritchie and Johnson 2009; Licht et al. 2010; Ripple et al. 2013) . If wolves continue to kill and exclude coyotes, then we propose that coyote density will decrease over time within wolf range in the Great Lakes region, possibly allowing for increases in snowshoe hares and foxes. We also propose that these effects will reduce abundances of deer mice during most years, which may have impacts on seed predation pressure (Schnurr et al. 2004 ) as well as disease dynamics (i.e., Lyme disease- . We thus call for additional research to investigate the application of wolf reintroduction as a tool for restoration.
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